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ABSTRACT 

Composite models generally predict the existence of excited quark 
and lepton states. We consider the production and experimental 
signatures of excited quarks Q’ of spin and isospin l/2 at hadron 
colliders and estimate the background for those channels which 
are most promising for Q’ identification. Multi-TeV pp-colliders 
will give access to such particles with masses up to several TeV. 

Composite models of quarks and leptons’) with their potential of explain- 

ing the quark-lepton generation structure and the observed pattern of fermion 

masses and mixing angles have been quite popular in the last few years. The 

most convincing evidence for a substructure of quarks and leptons would be the 

discovery of excited quarks and leptons which are a common prediction of all 

composite models. The masses of excited fermions are generally expeCted to be 

at least of the order~of a few hundred GeV sirice, according to present experimen- 

tal constraints, the substructure scale A cannot be much smaller than 1 TcV*) 

and excited states should not be much lighter than A. It is, therefore, not very 

surprising that searches for excited fermions have been unsuccessful so far. With 
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the availability of higher center of mass energies in pp collisions at the Tevatron 

and the realistic possibility of a multi-TeV pp-collider going into operation in the 

WQO’s, the prospects for Ending the lowest excited statesof the spectrum become 

much better, if such particles exist at all. This has motivated us to reexamine 

excited quark production at hadron colliders (see also ref. [3]) and to try to es- 

timate realistic discovery limits for them at the SSC, the LHC and the Tevatron 

collider. For simplicity we shall restrict ourselves to spin and isospin l/2 objects, 

although it is by no means excluded that the lowest lying excited quark has spin 

3/2 and/or has an isospin assignment different from l/2. 

Since the mass of excited quarks arises prior to SU(2)xU(l) breaking mem- 

bers of an excited weak doublet should be almost degenerate in mass. Fur- 

thermore, they should couple vectorlike to W- and Z-bosons. The coupling be- 

tween excited spin l/2 fermions, ordinary quarks and leptons and gauge bosons 

is uniquely fixed to be of magnetic moment type by gauge invariance. Requiring 

weak isospin gauge symmetry, the effective Lagrangian is given by 4,%6) 

L + gf ;ew + g’f$B,w]qL + h.c. . (1) 

Here Q’ and QL denote the isospin doublets of excited and lefthanded ground 

state quarks, V,,,,, V = P,@,B, is the field strength tensor for the gluon, the 

SU(2) and the U(1) gauge fields, and Y = l/3 is the weak hypercharge. Finally, 

g,, g and g’ are the gauge coupling constants and f,, f and f’ are free parameters 

determined by the composite dynamics. Naively one would expect that they are 

all of order one. Higher dimensional operators in the full effective Lagrangian 

can be incorporated by changing the f's to form factors f,(q*), f(q2) and f’(ql). 
These will be discussed in more detail below. To set the scale in ,$ff we choose 

the Q.-mass M’. 

It is now a straightforward exercise to calculate the rates for the Q’ decay 



modes from Eq. (1). Assuming M! > rn~,~* and neglecting ordinary quark 

mssses one obtains “e) (V =W,Z) 

l-(c)’ --t gq) = $&vf* , 

r(Q’ + 79) = &+f* , 

r(Q’ --t Vq)=i $ f)?M'(l- $2 (2+ S). 

Here 

Y fi= fT3cos’b -fysin2Bw, (6) 

and go = e/sinfIw (e = fi) and gg = g~/eosBw are the standard model W- 

and Z-coupling constants. T3 in Eqs. (5) and (6) denotes the third component 

of the weak &spin. 

According to Eq. (2) excited quarks will decay predominantly via strong 

interactions into ordinary quarks and a gluon. Radiative transitions and decays 

into quarks and a weak boson will typically appear at O(a/a.), i.e. at the few 

56 level. As long ss the Q’ msss is sufficiently large compared to mw and naz 

the branching ratios will be very insensitive to M’. They are summarized in 

Table 1 for excited up- (U’) and down-quarks (II’) with a mass M’ = 1 TeV 

andf,=f=f'. 

t lf M’ would be smaller than mw,s, excited qua& should have been seen at the CERN 
ppcollidn s) or will be discovered at SLC/LEP. 



TABLE 1 

Branching ratios of excited up and-down-qti&ks for f, = f = f’ and rr. = 0.1. 

decay mode br. ratio.[%] 
U’ + ug 83.4 

U’ --t dw 10.9 
U’ -+ u7 2.2 
U’-+uZ 3.5 

decay mode 
D’ -+ dg 

D’+uW 
D’ -+ d7 
D’ -+ dZ 

br. ratio [%] 
83.4 
10.9 
0.5 
5.1 

The total Q’ width for f, = f = f’ is approximately given by 

r(Q’) z 0.04 f’A4’. @I 

The excited quarks will be rather narrow resonances unless the f’s are much 

larger than one’) . 

In hadronic collisions excited quarks can be produced either pairwise or singly. 

Pair production, which mainly leads to four jets or jets plus one or two weak 

bosom in the final state, occurs, like for any heavy quark, through qtj and gluon- 

gluon fusion via normal gauge couplings. Hence the corresponding cross-section 

can be reliably predicted provided form factor or anomalous “magnetic” moment 

effects are not large ‘) . The rates for FQ’ production are quite small, however, 

(u R 2.4 pb (0.08 pb) for M’ = 1 TeV (2 TeV) in ppcollisions at fi = 40 TeV) 

so that the detection of excited quark pairs via their decays into hadronic jets will 

be severely limited by the background from ordinary QCD four-jet production. 

The decays into which will produce final states of a W (Z) pair and jets may be 

observable given that the background must now arise from the production of a 

pair of W’s (Z’s) and jets. 

Single production of Q’ via quark-gluon fusion, on the other hand, can be 

abundant at high energies provided that f, is not too small. The subsequent 



decay of the excited quark into a gluon or a photon plus a quark leads to a 

peak in the jet-jet or photon-jet invariant mass at m = iW. Provided that the 

background is not overwhelming, thii is a particularly clean and simple signal 

for Q*‘s. In the following we concentrate on this production mechanism. The 

invariant mass distribution for pp/pp + Q’ + q’V, V = g, 7, W, Z where both 

outgoing particles have a rapidity 1 yr,,v I< y, is given by 

&(P~PP ---t Q’ ---) q’V) = ; 

-hJT 

/ dy zL(z1,22) 6(d) P(r, y, yc) . (9) 

hJF 

Here m is the q’V invariant mass, r = zrzr = m2/s, y = (l/2) ln(zr/zr), s is the 

pp (pp) center of mass energy squared and the partonic cross section is given by, 

with 

and 

J?Q’ + q’v) f(Q’ --t w) 
+‘) = = (mZ - M*2)!4 + $(Q+,,f’Z 

l!(Q’ -+ q’V) = f’r) [-&I3 r(Q’ ---t q’V) 

f(Q*) = c l-(Q’ -+ q’V) 
V 

(11) 

which yields a correct description off the resonance peak. P(r, y, yC) is the prob- 

ability that both Enal state particles have rapidities 1 y@,v I< y, and 

L(a,z2) = q(zl,mz)g(=2,m2),+ 9(wm*)g(zl,m2) (13) 

is the luminosity function for Q’ production. 



The form factors f,(q2), f(q*) and f’(q*) will be assumed to have the form 

Wl=F (l+2&)“> . (14) 

where F represents either f., f or f’. They normalized such that F(M’*) = F. 

fv(qz), V = 7, Z, W in Eq. (11) is related to f(q*) and f’(q’) via Eqs. (5) 

to (7). We have chosen n = 3/4 in order to get a total partonic cross-section 

4m2) - l/m’: a l/m2 falloff, ss required by partial wave unitarity, would not 

allow enough phase space for multiparton final states when the compositeness 

threshold A = M’ is crossed. Choosing n larger than 3/4 changes only slightly 

the results to be presented below. 

While Q’ + gq and Q’ + 7q have simple signatures, decays into a quark and 

a weak boson will result in a more complicated event structure. A large fraction 

of them gives three-jet events through the subsequent decay of W/Z into a quark 

pair. Limited jet-jet invariant msss resolution and a significant QCD background 

will considerably complicate the reconstruction of such decay chains. If 2 + fiv 

or W + Lu, L = e, 1, T, the invariant mass can, due to the escaping neutrino(s), 

not be determined. Thus in addition to the gq and -yq decays only Q* -+ qZ with 

Z -+ f?~!- offers good prospects for identifying excited quarks. 

We therefore focus on Q’ production in the jet-jet, photon-jet and Z-jet 

channel. Since excited up- and down-quarks should, to a good approximation, 

be degenerate in mass and the Q’ charge cannot be determined experimentally, 

we sum up U’, D’, F and F rates. The production cross-sections for excited 

quarks are then equal in pp- and p~collisions. In Fig. 1 we show the total 

cross-sections 

~PP/PP + 0’ -+ dV) = 
/ 

dm $-(PPIPP --t Q’ -, 0) (15) 

versus M’ for / y,r,v I< 1.5, f, = f = f’ = 1 at fi = 1.8 TeV (Tevatron), 

17 TeV (LHC) and 40 TeV (SSC) using set 1 of the structure functions of ref. 
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Fig. 1: Single excited quark production cross-section in the jet-jet (solid 
lines), Z-jet [dashed lines) and photon-jet (dotted lines) channel. The 
numbers attached to the curves denote the fi value in TeV. 

[9]. The numbers attached to the curves denote the value of fi in TeV. Solid, 

dashed and dotted limes give the cross-sections in the jet-jet, Z-jet and photon-jet 

channel, respectively. If f, = f = f' # 1, the results displayed in Fig. 1 have to 

be multiplied by a factor fa. 

It is obvious that the cross-sections in all three channels are quite large over 

a wide range of M’, provided that the f’s are not much smaller than one. This 

bodes well for a discovery of excited quarks with mssses up to a few hundred 

GeV at the Tevatron and up to several TeV at the LHC and SSC, and only the 

question about background remains. In Figs. 2 to 4 we compare du/dm for pp 
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Fig. 2: invariant mass distribution &/dm of excited quarks in pp --t 
jet - jet versus the invariant jet-jet mass m for various values of M’ 
(dotted lines). The solid curve represents the standard model jet-jet 
background. 

collisions at ,,fZ = 40 TcV, f, = f = f’ = 1 and various values of M’ with 

the standard model background (labeled .by “BG”). Both outgoing particles are 

required to have a rapidity 1 y (5 1.5. One observes that the signal to back- 

ground ratio improves with growing M’. Even in the jet-jet cae, where the 

most dangerous background is expected, the signal stands out clearly for larger 

values of M’. In the photon-jet and Z-jet channel the background is always seen 

to be significantly smaller than the Q’ signal. A value different from one for 

f. = f = f’ changes the width of the Q’ resonance, but not its peak value. For 

pp-colliiione at fi = 17 TcV the situation is very similar to the one shown in 
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Fig. 3: The same as in Fig. 2 for the photon-jet channel. 
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Fig. 4: The same acl in Fig. 2 for the Z-jet channel. 



the figures, whereas for ppcollisions at @ = 1.8 TeV the sigr+l to background 

ratio is generally somewhat worse than in the other two cases. 

Finally, we would lie to estimate the m&mum excited quark mass accessible 

at hadron-colliders In a certain channel. As a discovery criterion we adopt the 

requirement that at least 100 signal events where the outgoing particles have a 

rapidity ( y I< 1.5 are observed. Furthermore, we demsnd that the signal must 

constitute at least a 50 effect. Since the rate for the channel Q’ -+ qZ + qL+t 

is, due to the small branching ratio for Z + f?.P (= 6 % for e = c, JJ), about one 

(two) order(s) of magnitude smaller and the signature is more complicated than 

that for the channel Q’ + 7q (Q’ -+ gq), we shall restrict ourselves subsequently 

to the jet-jet and photon-jet case. 

To arrive at realistic estimates we have to take into account the finite energy 

resolution 6E/E of the detector. In the following we shall sssume that 10) 

6E 0.1 
y- = z + 0.01 

for photons and 

6E 0.5 -=- 
E di? +“05 

(16) 

0’1 

for jets (E in GeV). h’eglecting possible errors in the measurement of the jet-jet 

and photon-jet angle, the resolution 6m/m for the invariant mass of the jet- 

jet system is then between 14 % and 8 %, and between 10 % and 5 % in the 

photon-jet case if E is varied from 0.1 to 20 TeV. To estimate the background 

we integrate the invariant msss distribution of the background, (du/dm)b, over 

twice the Q.-width or the invariant msss resolution, whatever is larger: 

M 

Q,# m J dm ($hg -M (18) 



M = max{JI’(Q’), am}. (19) - 

Outgoing particles are again required to have a rapidity 1 y 15 1.5. Using the 

cross-sections of Fig. 1 and assuming an integrsted luminosity of 10 pb-* for the - 

Tevatron and 10’ pb-’ for the LHC and SSC, we present in Table 2 the maximum 

Q’-mass accessible at the various colliders for f. = f = f’ = 7, 3 = 0.1 and 1. 

TABLE 2 

Maximum excited quark mass M’ accessible at hadron colliders in the jet-jet and 

photon-jet channel for f, = f = f’ = 3. Final state particles are required to 

have a rapidity 1 y I< 1.5. 

s TeV 1 3 jet-jet 1 photon-jet 
1.8, PF I 0.1 I - I 

l-8, PF I 1 1 620 GeV 1 
’ 

350 Gel’ 
17, PP 0.1 2.3 TeV 1 1 2 TeV 
17, PP 1 7.2 TeV 
40, PP 0.1 3.7 TeV 
409 PP 1 14.1 TeV 

Hence the discovery limits for excited quarks are quite high if 3 is of order 

one. In thii case, such particles could be observed at the SSC in the jet-jet 

channel with mssses of up to 14 TeV, while the LHC would be only capable to 

see excited quarks with a msss less than - 7 TeV. The larger value of the center 

of msss energy of the SSC is thus directly reflected by the Q’ discovery limit. 

The Tevatron should be able to find excited quarks in the jet-jet channel for M’ 

values up to about 600 GeV if 3 = 1. Of course, a peak in the invariant mass of 

jet pairs would not be specific for excited quarks but could ss well signal e.g. the 

existence of a new heavy vector boson. A peak in the photon-jet invariant mass, 

on the other hand, would (almost) conclusively establish the existence of excited 



quarks. Although the signal to background ratio is more favorable in this csse, _ 

the discovery limits are significantly weaker than for the jet-jet channel, due to 

the smaller rate. 

As one can see from Table 2 the maximum mass accessible depends consider- 

ably on the value of 3. Varying 3 between 1 and 0.1 it drops by about a factor 

3 to 4 for both the LHC and the SSC. To a large extend this is the consequence 

of the quadratic dependence of the cross-sections on the f’s. Nevertheless, the 

discovery limits for 3 = 0.1 are still significantly better than the ones expected 

for Q’ pair production (if both Q*‘B decay into jets: - 2 TeV (1 TeV) at the 

SSC (LHC)“) ; at least a factor two less if one the excited quarks decays into 

yq). At the Tevatron no useful lit on M’ can be established for 3 = 0.1. 

In summary, hadron colliders turn out to be very well suited for the search of 

excited quarks. Single Q’ production may be much larger than FQ’ production 

and leads to clean and simple experimental signatures with a small background. 

Thii is fully reflected by the discovery limits for various hadron colliders summa- 

rized in Table 2. 
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